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In this paper, the influence of physical layer impairments on fiber optic 
channels was evaluated using analytical modeling, and the findings were 
verified through simulation results. Light propagation inside standard single 
mode fiber (SSMF) is affected by both linear and nonlinear effects, which 
must be taken into account in order to develop an appropriate fiber channel 


model. The use of nonlinear fiber optics in the implementation of high- 

capacity optical networks is crucial. The "Optisystem 17.0" software 
Keywords: package was used to simulate the suggested systems. It can be observed that 
increased input power tends to increase the effect of cross-phase modulation 
(XPM) and four wave mixing (FWM) in the nonlinear dispersive fibers. The 
impact of pulse broadening due to chromatic dispersion (CD), self-phase 
modulation (SPM), and cross-phase modulation (XPM) was investigated 
using Gaussian pulses as input signals. 
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1. INTRODUCTION 

Communication systems are the means by which information is transferred from one site to another. 
Information is commonly transferred by superimposing as well as modulating it on an electromagnetic wave 
that serves as a carrier for the message signal. This modulated carrier can then be transmitted to the 
appropriate location, where it is received and demodulated to recover the original message signal. Radio, 
microwave, millimeter wave, and optical frequencies are all possible for electromagnetic carrier waves. 
Carriers with frequencies in the visible or near-infrared range of the electromagnetic spectrum are used in 
optical fiber communication, also known as lightwave systems. Fiber optic communication networks are 
lightwave communication systems in which data is sent through an optical fiber [1]. Wavelength division 
multiplexing (WDM) enables each fiber to transfer multiple independent channels at different wavelengths of 
light. The WDM system was developed by the International Telecommunication Union (ITU) [2]. Numerous 
distortion mechanisms, including nonlinear effects and signal dispersion factors, restrict the information- 
carrying capacity. For high-performance SMF, the two main types of distortion are chromatic as well as 
polarization mode dispersions, which results in the broadening of optical signal pulses even though they 
travel across a fiber. When there are high power densities in a fiber, nonlinear effects are observed. Their 
effect on signal fidelity involves power shifts between wavelength channels, the presence of spurious signals 
at other wavelengths, and signal quality decreases. These nonlinear effects could be particularly problematic 
in high-rate WDM networks [3]. Linear and nonlinear degradation effects limit the capacity of optical 
networks. Chromatic dispersion (CD), polarization mode dispersion (PMD), and attenuation are linear 
degrading effects, whereas nonlinear degrading effects comprise four-wave mixing (FWM), self-phase 
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modulation (SPM), cross-phase modulation (XPM), stimulated raman scattering (SRS), and stimulated 
brillouin scattering (SBS) [4]. A linear medium is one in which the optical power confined within the fiber is 
low. In this situation, the attenuation and refractive index of the fiber may be determined regardless of input 
power. However, when the input power increases, the medium's nonlinearity impacts become more apparent 
[5]. A key parameter in lightwave systems is the bandwidth-distance product. Increased data rate for each 
channel and narrower channel spacing in dense wavelength division multiplexed (DWDM) systems are two 
types of techniques for increasing the capacity of lightwave systems. A 40 Gb/s or higher data-rate DWDM 
system is unavoidable in next-generation lightwave systems. Linear and nonlinear impairments get much 
worse in these kinds of high-speed DWDM systems [6]. 

Several approaches for increasing the productivity of WDM transmission networks have been 
presented, including carving envelopes to shape envelopes of phase conjugated dual subcarriers lowers 
induced nonlinear phase noise [7]. Optical phase conjugation (OPC) is an efficient strategy for compensating 
for deterministic impairments, including Kerr nonlinearities, CD and PMD, in long-distance transmission 
systems. Impairments that occurred in the first portion of the transmission link (before conjugation) could be 
cancelled by impairments that occur in the second portion of the link by optically conjugating the phase of 
the signal in the middle of the link (after conjugation) [8], [9]. When compared to intensity modulation 
formats, phase modulation formats have numerous advantages. Differential phase-shift keying (DPSK) and, 
in particular, differential quadrature phase-shift keying (DQPSK) enhance, among other things, the Bit Error 
Rate and communication reach. Polarization division multiplexing quadrature phase-shift keying (PDM- 
QPSK) is a promising option that improves spectral efficiency, optical signal to noise (OSNR) ratio, and CD 
tolerances [10]. Higher modulation formats (RZ-4QAM and RZ-16QAM) have been suggested to improve 
the efficiency of an all-optical OFDM system [11]. Equally spaced (ES) channels in WDM systems contain a 
large number of FWM lights whose frequencies correspond to signal lights. As a result, FWM significantly 
reduces the signal-to-noise (SNR) ratio for ES channels. On the other hand, unevenly spaced (US) channels 
do not have any FWM lights whose frequency components match with signal lights [12]. For the various 
modulation formats, the polarization interleaving mechanism is employed to minimize crosstalk between 
neighboring channels and nonlinear effects. The odd and even numbers of channels are aggregated into two 
distinct branches, each with orthogonal states of polarization (SOPs) adapted by polarization controllers [13]. 
The propagation of a pulse in a fiber optic link is characterized by the nonlinear Schrödinger equation, which 
can be used to understand linear and nonlinear impairments: 


ðA a ðA jp OA 1p A. 2 
əz T24 th a t 3Ê2 at2 5 Bs at3 = jyļAl A (1) 


where A the optical field magnitude, a attenuation parameter, z the distance of the fiber transmission, f4 is 
related to the group velocity, 62 indicates dispersion of the group velocity, and therefore is responsible for 
pulse broadening, (3 is the third-order dispersion coefficient, and y is the fiber nonlinearity coefficient [14]. 

In this paper, linear and nonlinear impairments of optical fiber transmission were characterized 
using analytical modeling and validated using simulation results. Linear effects have been shown to be 
deterministic and to have a manageable influence on transmission link behavior. Nonlinear impairments, on 
the other hand, have a nondeterministic and partly manageable influence on the quality of transmission (QoT) 
of fiber optic data transmission. 


2. THEORTICAL BACKGROUND 
2.1. Linear impairments 

Optical fiber is frequently regarded as the desirable transmission channel, with virtually limitless 
bandwidth. However, the linear effect of fibers, which is dispersion and attenuation, will become the 
significant limiting factor as length is increased for multi-span amplified systems and higher bit rates [15]. 
The linear schrédinger equation (LSE) effectively identifies linear impairments in transmission links. In this 
case, the propagation constant (B) is first expanded into a Taylor series around the carrier frequency, with 
only the first three parts in the series expansion. The LSE can be characterized in this way [16]: 


ga a 9A pT p OA eg, 
T a TE T a T (2) 
2.1.1. Attenuation 

The signal power drops exponentially across the transmission line according to fiber loss, the 


attenuation coefficient is commonly stated as [dB/km]: 
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Xap = pal ~ 43430 = 2 log (32) (3) 


where Pin denotes the optical power lunched into a fiber in watt, P(z) denotes the optical power at point z in 
Watt, z indicates the transmission distance in kilometers and a is the attenuation parameter in neper per 
kilometer [Np/Km] [17]. Material absorption and Rayleigh scattering are the major causes of attenuation. 
1550 nm is the most frequently used wavelength for long-distance optical communications because it has the 
lowest attenuation as shown in Figure 1 [18]. 


Attenuation (dB/km) 
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Figure 1. Attenuation profile for standard single-mode fiber [18] 


2.1.2. Amplified spontaneous emission noise 

An amplified spontaneous emission (ASE) is caused by holes and electrons spontaneously 
recombining in the amplifier medium. As shown in Figure 2, the ASE noise is increased by the signal during 
transmission due to a nonlinear interaction between the signal and the ASE noise from optical amplifiers. 
When numerous optical amplifiers are used to compensate for fiber loss, this is known as cascading, ASE 
accumulates in the system. The noise created by the preceding amplifiers is amplified by each following 
amplifier in the cascade [1]. 
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Figure 2. A diagram of an optical transmission link employing EDFAs compensating for fiber loss [19] 


Considering that the total loss of the previous span is perfectly compensated by the subsequent EDFA 
(Gain = a Lspan), the total noise figure NF; jn, of transmission systems with N spans and periodic EDFA 
amplification may be described as follows [20]: 


NFrink = 1+ N(a Lepan: NF — 1) (4) 


2.1.3. Chromatic dispersion 

The optical pulses move down the fiber at various speeds for different wavelengths, resulting in CD. 
The difference in speed is produced by the refractive index of the fiber changing with wavelength. 
Wavelength signal components, causing the optical pulse to broaden as seen in Figure 3. Differential group 
delay caused by CD in single mode fiber can cause overlapping of high-speed pulses, resulting in ISI and 
therefore data recovery error [19]. 
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Figure 3. Pulse broadening caused by chromatic dispersion [19] 
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From (2), 64 is associated to the group velocity and regulates the optical pulse envelope speed along 
the fiber: 


dn 


1 
R= ra) © 
where œ is the optical frequency, n is the linear refractive index and c is the speed of light in vacuum. The 
broadening of a propagated pulse is caused by the group-velocity dispersion (GVD) coefficient £ which is 
given by: 
Bo =1(2%4+04) (6) 


The dispersion component D is related to £}, and may be determined by calculating the first 
derivative of 6, with regard to the wavelength: 


p =% ae =t us (7) 


P3 = dB /dw is the GVD slope factor, which corresponds to the dispersion slope parameter S: 


dB. 4mc? 2nc\? 
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The GVD slope becomes prominent and it must be accounted for the propagation in the region of zero 
dispersion ($2 = 0). When a retarded time frame T = t — Z/vg¢ is introduced and travels with the signal at 
the group velocity, 6, is removed from the equation. Moreover, the effect of the GVD slope can be ignored 
when SSMF or other types with high GVD are employed. 


3A 
a (9) 


ðA a j 

The waveguide dispersion DW and the material dispersion DM together define the overall dispersion 
profile. The combination of these two factors yields the dispersion profile in SSMF, which can be seen in Figure 4. 
At 1324 nm, the wavelength of zero dispersion exists, while at 1550 nm, D=16 ps/Km/nm [20]. 
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Figure 4. The dispersion of a typical SSMF as just a function of frequency and wavelength [16] 


2.1.4. Polarization mode dispersion 

The direction of the transverse electric field is indicated by the polarization of light, which is a 
property of electromagnetic waves. There are two orthogonal polarization cases in SMF: X and Y. The 
Stokes parameters can be used to identify the illustration of light polarization, which is easily expressed with 
the Poincaré sphere. As shown in Figure 5, this sphere is organized into four optical power specification [14]. 
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Figure 5. The sphere of poincaré. Stocks parameters are S1, S2, and S3 [14] 


SMF enable the propagation of two orthogonal polarization modes. Temperature changes and 
random birefringence caused by mechanical stress lead the states of polarization (SOP) and, as a result, GYD 
to fluctuate over time and over the entire length of the fiber. The SOP variation often happens on a length 
scale ranging from hundreds of meters to a few kilometers. Modal birefringence Bm, can be defined 
mathematically as: 


_ (B= Bye _ 
eae te 


Bm —n,| (10) 

The effective refractive indexes of both modes are n, and ny, respectively, and the equivalent 
propagation constants are fy and Py. The fast axis is typically designated as the axis with the largest group 
velocity, while the slow axis is designated as the axis with the smallest group velocity [20]. Figure 6 shows a 
linearly polarized pulse that is released into a fiber at such a 45 angle towards the slow axis. 


45° 


Figure 6. Random birefringence and the associated DGD for a wave delivered into the fiber at a 45° angle [16] 


Differential group delay AT (DGD) is the difference between the arriving times of the two pulses, 
and it has a Maxwellian distribution around the mean DGD-value (AT) [16]. 


(AT) = PMD.VL (11) 


DGD is proportional to the square root of the transmission length L [21]. The pulse stream starts to overlap as 
the pulse spreading due to PMD expands, generating ISI, which decreases the BER performance [19]. 


2.2. Nonlinear impairments 

At large data rate transmissions, nonlinear effects constitute a significant performance bottleneck. 
The Kerr effect, which results from the optical fiber's refractive index being dependent on the intensity of the 
transmitted signal, causes the optical fiber to be a nonlinear channel. Self-phase modulation (SPM), cross- 
phase modulation (XPM), and four wave mixing (FWM) are types of nonlinearities caused by this 
phenomenon. Nonlinear effects can also be induced through inelastic scattering, such as stimulated Brillouin 
scattering (SBS) and stimulated raman scattering (SRS) [3]. One distinction between the scattering effect and 
the Kerr effect is that the scattering effect has a threshold power level above which nonlinear effects appear, 
whereas the Kerr effect does not [13]. Only above a threshold power density can Brillouin scattering become 
significant. It can be proved that the threshold power for SBS is given by: 
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Where à and d are the operating wavelength and fiber core diameter in micrometers, respectively. a 
is the fiber attenuation in decibels per kilometer. The source bandwidth in gigahertz is denoted by v [22]. In 
WDM channels, SRS causes a transfer of power from shorter wavelength channels to longer wavelength 
channels [23]. The optical power threshold for SRS is determined by: 


Pa = 5.9 x 107?d?Àa (watts) (13) 


Where d, à and a are as specified for (12) above [24]. Decompose the optical field A in (9) into 
multiple interacting field components Ao, A1, and Aj, each expressing a separate WDM channel, with AB 
indicating the phase relationship among them. To demonstrate the impact of nonlinearity, confine the 
investigation to small signal distortions, and split (9) into three coupled equations, e.g. for Ag [25]: 


ðA j , ?A ‘ : : % ; 
5a HZA + 2B apa = JYlAolAo + 2jy(lA1|? + 1A21?)Ao + jy Lime0 AAmAi+ me! (14) 


where A(z, t) represents the slowly varying envelope related with the optical signal, « demonstrates fiber 
losses, 6, determines GVD effects, and y is the nonlinear component [26]. The linear phase mismatch is 
denoted by AB. The SPM, XPM, and FWM have been described in (13), respectively, through the three right- 
hand portions [16]. 


3. METHODS AND RESULTS 
3.1. Characterization of linear impairments 
3.1.1. The impact of group velocity dispersion (GVD) 

To illustrate the impact of GVD, the bit rate was set to 40 Gb/s as shown in Figure 7, corresponding 
to a bit duration of 25 ps. The pulse has an FWHM of 12.5 ps. When using the optical Gaussian pulse 
generator, the standard value for width is 0.5. The pulse width Tọ parameter is then Tọ ~ oe = <i = 
7.5 ps. The dispersion length is calculated using the value of By ~ —20(ps)*/km at 1.55um for SMF: Lp = 
TS _ (7.5)? 
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Figure 7. GVD system layout 
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Where f2 = Joz ÍS the GVD parameter, that is identified as the frequency-dependent second 
@ 


derivative of the fiber mode propagation constant. The pulse starts to broaden at this length (the peak power 
decreases). To demonstrate the effect of GVD on the optical Gaussian pulse, vary the fiber length between 
2.812, 5, and 10 Km in the optical fiber properties, and disable all effects except GVD, with f, = 
—20ps?/km. After that, take different GVD values, 8, = —20, —40, —60 and — 80 ps?/km, and different 
fiber lengths are considered to show the effect of GVD on the received power. Figure 8 illustrates received 
power versus fiber length for different GVD values. As shown in Figure 9 in time domain, after LD pulse 
start to broadening. With increasing fiber length, the peak power decreases and the pulse broadening can be 
observed due to group-velocity dispersion (GVD) coefficient. 
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Figure 8. Received power vs. fiber length for different B3 
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Figure 9. Broadening of optical gaussian pulse 


3.1.2. The impact of polarization mode dispersion (PMD) 


The PMD emulator is used to show signal distortions induced by PMD effects as shown in Figure 10. 
The system simulate a data rate of 10 Gb/s. The parameters of PMD emulator are shown in Table 1. Stokes 


vector and the poincare sphere have been applied to get the state of polarization (SOP). 
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Figure 10. PMD system layout 


Table 1. PMD emulator parameters 


Parameter Value 
Length 10 Km 
Attenuation 0 dB/Km 
Dispersion 0 ps/(nm-km) 
Dispersion slope 0 ps/(nm?-km) 
Frequency reference 193.414 THz 
Differential Group Delay 71 ps 
Depolarization rate 10.8 deg/GHz 
Polarization chromatic dispersion 1.3 ps/GHz 
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The optical input signal is simulated in three different polarizations. The depolarization rate coefficient is 
responsible for the majority of the PMD effect. Figure 11 shows the SOP of the received signal, so Figure 11(a) 
shows the Poincare SOP graph when azimuth is 0° and ellipticity is 0°, Figure 11(b) shows the Poincare SOP graph 
when azimuth is 45° and ellipticity is 0°, and Figure 11(c) shows the Poincare SOP graph when azimuth is 90° and 
ellipticity is 0°. Figure 12 shows the Stokes vector of the received signal, with Figures 12(a) showing the Stokes 
vector of the output pulses for the state of polarization (SOP) azimuth 0° and ellipticity 0°, Figure 12(b) showing 
the SOP azimuth 45° and ellipticity 0°, and Figure 12(c) showing the SOP azimuth 90° and ellipticity 0°. 


-100.00 


(a) (b) E (o) 


-100.00 


Figure 11. SOP of the received signal when the input signal: (a) azimuth 0° and ellipticity 0°, (b) azimuth 45° 
and ellipticity 0°, and (c) azimuth 90° and ellipticity 0° 
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Figure 12. Stokes vector of the received signal when the input signal: (a) azimuth 0° and ellipticity 0°, 
(b) azimuth 45° and ellipticity 0°, and (c) azimuth 90° and ellipticity 0° 


3.2. Characterization of nonlinear impairments 
3.2.1. The impact of self phase modulation (SPM) 

The following layout in Figure 13 can be used to show the effect of SPM: with a bit rate of 40 Gb/s, 
sequence length is 8 bits, sample per bit is 64, the number of samples is 512, and the reference wavelength is 
1550nm. Disable all effects except SPM in the nonlinear dispersive fiber total field component 
characteristics. Set the transmission length to 10.73 Km. 
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Figure 13. SPM system layout 
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The parameters of the nonlinear dispersive fiber total field are shown in Table 2, Figure 14 shows 
the input and output pulse shapes. Figure 14(a) shows the input pulse shape, and Figure 14(b) shows the 
output pulse shape after the Nonlinear Fiber. The nonlinear phase shift caused by SPM can be reduced by 
increasing the core effective area. Figure 15 shows this relationship in terms of the Q-factor. 


Table 2. Nonlinear dispersive fiber parameters 


Parameter Value 
Differential group delay (DGD) 0 ps/Km 
Pulse peak power From 0 to 20 dBm 
Fiber nonlinearity coefficient (y) 1.317 W'Km'! 16.57 ps/nm-Km 
Dispersion Effective area 40, 60 and 80 um? 
~ 
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Figure 14. Pulse shapes: (a) prior and (b) following to the nonlinear dispersive fiber 
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Figure 15. Q-factor increased by increasing core effective area 


3.2.2. The impact of cross phase modulation (XPM) 

The objective of this simulation is to provide an analysis of the impact of XPM in a nonlinear 
dispersive fiber at varied carrier frequencies with a bit rate of 2.5 Gbit/sec as shown in Figure 16. The input is 
comprised of two Gaussian pulses, weak and strong pulses separated by 800 ps in time and 1nm in 
frequency. Figure 17 illustrates the input signals and their spectra. The peak power of the pulse at 1551 nm is 
2 mW, and the peak power of the pulse at 1,550 nm is 20 mW. 
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Figure 16. XPM system layout 
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Figure 17. Input signals and their spectrums 


The two pulses overlap after 50 Km of propagation as shown in Figure 18, broadening the spectrum 
of the pulse at 1551 nm, which is the result of the influence of XPM and is small due to the presence of 
GVD. The spectral broadening of the pulse at 1550 nm is greater, but this is due to SPM. When the pulses no 
longer overlap at 100 Km, the XPM-induced spectral broadening disappears as represented in Figure 19. This 


is because the impacts of increasing pulse overlap are diametrically opposed to those of increasing pulse 
separation. 
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Figure 18. Signals and their spectrums after 50 Km of transmission 
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Figure 19. Signals and their spectrums after 100 Km of transmission 
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3.2.3. The impact of four wave mixing (FWM) 

To determine how the FWM affects the optical fiber transmission link, two CW lasers with 
frequencies of 1540 and 1540.5 nm, a bit rate of 2.5 Gb/s, power of 0 dBm, and linewidth of 0 MHz are used 
as shown in Figure 20. Nonlinear fiber parameters are shown in Table 3. A 2x1 Mux was used to combine 
the channels. The signals are then sent along 75 Km of nonlinear fiber. Figure 21 displays the optical 
spectrums of two CW lasers. Figure 21(a) depicts the optical spectrums of two CW lasers before 75 Km of 
SMF, and Figure 21(b) shows the four-wave mixing products ("spurious frequencies") at 1539.5 nm and 
1541 nm. After that, input power was changed to 13 dBm to demonstrate that with increasing lunch power, 
Q-factor decreased due to the impact of FWM as shown in Figure 22. 
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Figure 20. FWM system layout 
Table 3. Nonlinear fiber parameters 
Parameter Value 
Dispersion 1 ps/nm/Km 
Dispersion slope 0.11 ps/nm?/Km 
Nonlinear index of refraction (n2) 4.3286 107! m?/W 
Max. nonlinear phase shift 3 mrad 
Effective area 64m? 
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Figure 21. Optical spectrums of two CW lasers, (a) before SMF and (b) after SMF 
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4. CONCLUSION 

The impact of physical layer impairments on fiber optic channels was investigated using analytical 
modeling and validated using simulation results in this paper. It is demonstrated that linear and nonlinear 
effects in optical communication networks, like GYD, PMD, SPM, XPM, and FWM, constrain the network's 
transmission reach and capacity. The achievement of high-bit-rate long-distance optical transmission 
networks is determined by how well the linear and nonlinear impacts are handled. Therefore, when designing 
optical fiber communication systems, linear and nonlinear effects must be taken into account. 
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